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ABSTRACT: van der Waals (vdW) metal chalcogenides have
been extensively investigated as electrocatalysts for the hydro-
gen evolution reaction (HER); however, for the majority of
these materials only the edges are active, thereby wasting most
of the materials’ surfaces. Recent research has focused on

nding new materials with active basal planes. Herein, for the

rst time, we demonstrate that the hexagonal vdW Fe;GeTe,
(FGT), also a spintronic candidate material, shows both basal
plane and edge site HER activities. Partial exfoliation of bulk
FGT through sonication increases both basal plane and edge
sites leading to signi cantly improved overpotential. A
subsequent compacting of the sample (using plasma sintering
at room temperature) to produce a densi ed electrode leads to

an impressive overpotential to drive a current density of 10 mA/cm? of

Basal Plane

Hydrogen
Evolution

0.105 V. DFT free energy calculations not only

showed that the high activity is due to the abundant active sites present on the hexagonal Te layer in FGT but also presented
an even more HER active layer (106) containing both iron and tellurium active sites. Furthermore, the presence of a thin oxide
layer on top of the active FGT layers, as found by XPS, suggests that the real active surface is likely a hybrid FGT/oxide layer.
These results demonstrate the high basal plane and edge sites HER activity of FGT, thus opening a new avenue for the design
and screening of related iron-based vdW materials, their composites, and their surface functionalization as high-performing

electrocatalysts.

The development of clean and renewable energy is
crucial in order to overcome the depletion of fossil
fuels while meeting an increase in energy demand.’?
Among all the renewable energy sources, hydrogen has been
accepted as one of the most promising alternatives to fossil
fuels due to its cleanliness, sustainability, and high energy
density.®> ° Through water electrolysis, an environmental-
friendly method, hydrogen can be produced to achieve
sustainable energy production.’ ® Currently, platinum-group
metals and noble-metal compounds are considered the most
e cient hydrogen evolution reaction (HER) electrocatalysts.
However, high cost and scarcity of these precious metals
impede large-scale utilization and commercialization.>*° The
development of a highly active and abundant electrocatalyst
would overcome these di culties, providing the necessary
breakthrough for a sustainable and clean energy supply.

van der Waals (vdW) layered materials have been known for
several decades."" However, the interest in these materials has
been renewed since the discovery of graphene as the rst two-
dimensional (2D) material.**** This and various other 2D
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materials beyond graphene have raised extensive interest in
optical, electronic, and energy storage applications.** *® Due
to intriguing properties, 2D materials are being explored as
alternative electrocatalysts.*” *° Most pristine vdW materials
do not show electrochemical activity in their basal planes; thus
to improve the activity of the basal plane, various surface
modi cations such as defect engineering,* *° interfacial
engineering,”* ?® and doping®’ % are required. However, if
the parent layered material demonstrates activity in the basal
plane prior to surface modi cation, its electrochemical activity
can be tremendously improved after further modi cations.
Consequently, recent research has been focused on the
discovery of new basal plane active vdW materials. Among
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Figure 1. Powder X-ray di raction patterns of FGT: (a) calculated, (b) bulk, (c) sonicated, and (d) SPS pellet. (¢) Crystal structure of FGT

and (f) SEM images and EDS mappings of as-synthesized FGT crystals.

Figure 2. X-ray photoelectron spectroscopy spectra of (a) Fe 2p, (b) Ge 3d, and (c) Te 3d for bulk and sonicated FGT samples.
Experimental and tting data are indicated as ( ) and solid lines, respectively.

all the vdW layered materials, Fe;GeTe, (FGT), an itinerant
ferromagnet with high stability and high Curie temperature
(220 K), has attracted great interest recently in the eld of
spintronics. FGT has a hexagonal crystal symmetry with space
group P6sz/mmc, consisting of a “Fe;Ge” substructure
sandwiched between two layers of Te atoms, which are weakly
bonded by vdW forces as seen in Figure 1e.*°*" Very recently,
FGT was suggested as a potential electrocatalyst candidate for
the oxygen-evolution reaction (OER) and other gas adsorption
reactions (CO, NO, etc.).”** However, no theoretical or
experimental work has proposed FGT as an active material for
HER to the best of our knowledge. Herein, we report on the
experimental and theoretical investigations of the HER activity
of FGT for the rst time. We have investigated FGT's
electrochemical activity in three di erent forms: bulk, partially
exfoliated layers (sonicated), and densi ed layers. We found
that FGT is highly active in bulk form already, a nding
con rmed by density functional theory (DFT) calculations.
Furthermore, the HER activity increases with exfoliation and
even more after densi cation.
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The FGT sample was synthesized through a direct solid-
state reaction according to previous reports [see the
Supporting Information (SI) for more details]. The sample
was investigated by powder X-ray di raction (PXRD) for
phase and crystallinity determination, via energy dispersive X-
ray spectroscopy (EDS) for elemental analysis and through
scanning electron microscopy (SEM) for particle size and
morphology determination. According to the PXRD pattern
(Figure 1b), all peaks matched those reported for FGT,
proving a single-phase synthesis and EDS mapping showed the
presence of all three elements as well as their homogeneous
distribution (Figure 1f). However, some intensity mismatches
were observed in the PXRD pattern for the (00l) peaks due to
the preferred orientation along the c-axis as expected for at,
thin crystals (Figure 1f).

To increase the amount of exposed basal planes, the FGT
sample was crushed, and the resulting powder was dispersed in
ethanol and ultrasonicated in a vial which was immersed in an
ice water bath for 2 h. Ultrasonication of the FGT powder
resulted in smaller particles (Figure S1). PXRD shows an
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